This study deals with the efficacy of Origanum onites, Salvia officinalis, and Mentha piperita essential oils (EOs) and their mixture (1:1:1, v/v/v) against ochratoxigenic P. verrucosum D-99756 and modelling the effects of EOs on fungal growth using modified Gomperz and logistic models. O. onites, S. officinalis, and M. piperita EOs were used at their minimal lethal concentration levels at 65, 125, and 250 µL/mL, respectively, which were determined in our preliminary studies. Inactivation of fungi sporulation by EO treatments was higher than 50-60% within 48 h, while 78.50-81.41% lethality was observed at the end of the 168 h for all of the tested EOs. The most effectiveness time for lethal effect was found at 84 h for O. onites and S. officinalis, while it was 168 h for mix EOs (p < 0.05). The modified Gompertz model successfully produced better fits than the logistic model as evidenced by the root mean square error, the modelling efficiency, and accuracy efficiency. In conclusion, data confirmed the potential use of plant and spice EOs for their fungistatic and fungicidal effects in food systems.
Introduction
Foods and feeds are frequently contaminated with fungi and the associated toxins generated by some of them during storage, transport, and post-harvest processing, and they are responsible for the loss of quality, quantity, and nutrition composition. [1] Aspergillus, Penicillium, and Fusarium are the most known fungal genera which are associated with foodborne diseases or food spoilage. Penicillium species have been known to be the most important mycotoxin producers, while Penicillium verrucosum is the major producer of ochratoxin-A (OTA) and citrinin. [2, 3] It is capable of growing in a variety of foods and beverages including beer, chocolate, coffee, dried fruits, grape juice, pork, poultry, cheese, and wine [4] and has been linked to several health risks such as carcinogenic, teratogenic, and immunotoxic effects. [5] Moreover, economic and health problems associated with fungi toxins are an important issue for food industry. [6] Therefore, novel food preservation techniques as alternative to conventional techniques like heat treatment, drying, and chemical preservation have been investigated in food industry due to the increasing demand by consumers for tasty, nutritive, and natural food products. [7] Recently, essential oils (EOs) have considerable attention as antifungal and antimicrobial agents in order to control toxin-producing microorganisms in foods, both for the increasing interest of consumers for additives from natural sources and for increasing concern about potentially harmful synthetic additives. [8] EOs, containing plant secondary metabolites including monoterpens, sesquitepenes, phenyl propanoids, alcohols, aldehydes, esters, ketones, phenols, and oxides, are characterised with their antimicrobial activity. [7] Most of them and their active components have been classified as Generally Recognized as Safe (GRAS) for food preparations. [9] Predictive food microbiology has gained interest worldwide for improving food safety and quality. Mathematical models have been used in describing the behaviour (growth, survival, inactivation, etc.) of microorganism in food systems. [9] [10] [11] Mathematical model enables the prediction of the effect of changing treatment conditions on the microbial evaluation when a suitable model has been constructed and properly validated. There are various models that are classified as primary, secondary, and tertiary for prediction of behaviour of microorganisms. [12] Modified Gompertz, logistic, Weibull, and Baranyi equations are among the most widely used models that have been proposed to describe the nonlinear survival curves of microorganisms. [12] [13] [14] [15] Recent studies have indicated that logistic and modified Gompertz models were successfully applied for the description of microbial survival, inactivation, and growth. [13, 14, 16] Although there have been numerous studies about the inhibition of molds by EOs, [6, 7, 17] only a few reports on modelling the effect of EOs on growth of toxigenic molds like P. verrucosum are available in the literature. [5, 17] Therefore, the objective of the present study was (i) to evaluate the inhibition kinetics of fresh EOs from Origanum onites, Salvia officinalis, and Mentha piperita against P. verrucosum at minimal lethal effect levels determined in our preliminary studies, (ii) to determine the possible synergistic effects between EOs, (iii) to describe the inactivation kinetics of P. verrucosum treated with EOs using modified Gompertz and logistic models, and finally (iv) to compare the goodness of fit of applied models.
Material and methods

Essential oils
Salvia officinalis L., Mentha piperita L., and Origanum onites L. EOs were obtained from Botalife, İzmir-Turkey. The plant species were selected on the basis of their antifungal activities which have been demonstrated by previous studies. [18] Minimal Lethal Concentrations (MLC) for O. onites, S. officinalis, and M. piperita against P. verrucosum were 65, 125, and 250 µL/mL, respectively, which were determined in our preliminary studies. [19, 20] MLC was selected as the lowest concentration at which no growth occurred on the plates. The concentrations of the EOs were prepared using methanol. The mixes of the EOs were obtained by their incorporation in equal volumes (1:1:1, v/v/v).
Culture media and preparation of inoculums
In the present study, a toxigenic strain of P. verrucosum (D-99756) was chosen since it is responsible for production of ochratoxin A (OTA). The microorganism isolated from Kashar cheese was obtained from Istanbul Technical University, Faculty of Chemical and Metallurgical Engineering, Food Engineering Department, Turkey. P. verrucosum was cultured in Yeast Extract Agar (Merck, Darmstadt, Germany) at 25°C in the dark for 8 days. The conidial suspension was prepared according to procedure followed by Cabanas et al. [21] It was adjusted to approximately 10 6 -10 7 viable spores per mL. The pour plate method was used in order to confirm the initial spore counts.
Kinetics of inhibition by EOS
Kinetic assay was carried out according to the method described by Rasooli et al. [22] with some modifications. Slants were scraped gently using a sterile needle and washed with 7 mL of sterile physiological saline solution (0.85%) containing Tween-80 (0.1% v/v). Then the suspension was collected in sterile tubes. The viable spore counts were controlled using pour plate method after determining of spore numbers approximately by haemocytometer. Five millilitres of the spore suspensions including 10 6 -10 7 spores/mL were transferred to sterile tubes and 0.05 mL of EOs at MLC levels. These tubes were shaken and incubated at 25°C with 12-h intervals for 168 h. One mL of the reaction mixtures was taken and diluted until two-fold. Three parallel inoculations were made on sterile Yeast Extract agar plates and then incubated for 48 h at 25°C. After the incubation period, fungal colonies were counted and expressed as percent inhibition according to the following formula:
where FC is the average fungal colony in control group (log cfu/g); FT is the average fungal colony in EOs treated group (log cfu/g).
Modelling of fungal growth
The nonlinear equations were used to fit the growth data of P. verrucosum by nonlinear regression with a Marquardt algorithm, to minimise the sum of the squares of the differences between the experimental and predicted values, which were used to calculate the set of parameters and regression coefficient (R 2 ). [16] Fungal growth modelling and growth parameters were performed with the modified Gompertz (Eq. 2) and logistic (Eq. 3) model proposed by Zwietering et al. [16] and Tornuk et al. [12] logN
where N is the number of P. verrucosum at time t; N 0 is the initial number (t = 0) of P. verrucosum; a is the count increment as time increases indefinitely, that is, the number of log cycles of fungal growth (log cfu/g); t is incubation time (hour); B is the specific growth rate at time m (1/hour); m is the time at which the absolute growth rate is at a maximum (hour).
where N is the number of P. verrucosum at time t; N 0 is the initial number (t = 0) of P. verrucosum; a is the count increment as time increases indefinitely; d is a dimensionless parameter; c is specific growth rate (1/hour). Additionally, the maximum specific inactivation rates (µ) (log cfu/g) for modified Gompertz and logistic model were calculated using Eqs. 4 and 5, respectively.
Model comparison
The root mean square error (RMSE) and the modelling efficiency (Ef), accuracy factor (Af), and bias factor (Bf) were used to compare the performance of mathematical models used in this study for inactivation kinetics of P. verrucosum. These parameters provide information to identify the differences between experimental data and the model estimates. [14, 23, 24] These parameters were calculated as follows:
Af ¼ 10
where N exp,i (log cfu/g) is the number of P. verrucosum at time t; N pre,i (log cfu/g) is the predicted number of P. verrucosum at time t; N exp,ave (log cfu/g) is the average of the number of P. verrucosum at time t; n is the number of data points; n u is the number of model parameters.
Data analysis and statistics
Each parameter was tested in duplicate samples with seven replications. Modified Gompertz and logistic model parameters were calculated using Sigma Plot software version 12.0 (SysStat Software, Inc., Point Richmond, California, USA). Collected data were subjected to statistical analyses using SPSS statistical package software (SPSS Inc. Chicago, Illinois). Two way analysis of variance (ANOVA) was used to evaluate the effect of EOs (O. onites, S. officinalis, and M. piperita) and incubation periods (from 0 to 168 h). When significant (p < 0.05) effect was found, the mean values were further analysed using Duncan.
Results and discussion
Fungicidal kinetic of the essential oils
Fungicidal kinetics (MLC levels) of O. onites, S. officinalis, and M. piperita EOs were 65, 125, and 250 µL/mL, respectively, against P. verrucosum after 7 days (Fig. 1) . Methanol (control) did not show any inhibitory effect on P. verrucosum. The EOs of O. onites, S. officinalis, and mix (the mixture EOs of O. onites, S. officinalis, and M. piperita) had higher antifungal activity than M. piperita EO at the end of incubation period (p < 0.05). Average 80% lethal effect was observed within 84 h in the case of treatment with O. onites and S. officinalis EOs. The [25] Additionally, O. onites contains phenolic components, such as carvacrol and its precursors, terpinene, and cymene. [26] These phenolic components may also contribute to its antifungal activity since they may interfere with some cell wall enzymes like chitin synthase/chitinase as well as α-and β-glucanases of the fungus. [27] Regarding the S. officinalis oil, the composition and antifungal spectrum of EOs of the Salvia species have also been studied. [18, 28] Antifungal activity of Salvia genus oils could be attributed to the presence and synergistic effect of 1,8-cineole, camphor, and borneol as major constituents. [29] M. piperita oil at 250 μL/mL resulted in approximately 50% inhibition at the end of the incubation time. The antifungal effect of this plant extract may possibly be due to the presence of menthol, menthone, and neomenthol that are oxygenated monoterpenes. [30] Antimicrobial activities of M. piperita oil have also been previously investigated by Iscan et al. [31] who reported that menthol as a major compound of the EO showed weak antifungal activity at a concentration of 5 mg/mL.
Average 60-80% lethal effects were observed after 96 h of the EO mix treatment, and it was permanent up to the incubation period. The lethality (79-87%) was observed at the end of the 168 h for O. onites, S. officinalis, and mix EOs. The individual lethality powers of S. officinalis or O. onites were found higher than the lethality of the mixture at 156 h (p < 0.05); however, percent inhibition of individual EO and mixture was found similar at the end of incubation period (p > 0.05). Synergistic effects of some compounds in EOs have been shown in some studies. Hossain et al. [5] reported that the highly effective oregano and thyme combination exhibited a synergistic effect against all the fungi except for Aspergillus niger. Another study carried out by Stevic et al. [32] stated that a synergistic effect between carvacrol and thymol found in oregano and thyme showed antifungal activity against Penicillium and Fusarium species. Application of a certain combination of EO constituents can improve the efficacy of EOs against pathogenic microorganisms.
[33]
Modelling of fungal growth
The inactivation of P. verrucosum growth in the presence of the EOs during 168 h was fitted with modified Gompertz and logistic models, and model parameters from models were computed (Table 1 ). The predicted data from obtained model parameters were compared with the actual observed experimental data in Fig. 2 . The stated models reasonably described the growth curve exhibited by P. verrucosum in the presence of EOs considering R 2 values except the inactivation treatment using EOs mix (R 2 = 0.844 and 0.870). According to modified Gompertz model, O. onites essential oil and mixture of EOs had the highest negative impact on the growth of P. verrucosum by decreasing the specific growth rate (B), whereas, S. officinalis and M. piperita were found to be less effective EOs due to increase the B values. Regarding the absolute growth rate (m), M. piperita and O. onites EOs were found to be the most effective due to increasing their lag time up to 20 h. The combination of EOs was found less effective on the extended of lag phase compared to individual EO. Regarding of logistic model parameters, the values of parameters a, d, and c of the model changed depending on the types of EOs.
The maximum specific inactivation rate (µ) values obtained from modified Gompertz and logistic models were found between -0.052 to -0.081 and -0.045 to -0.074, respectively. The negative sign of µ expresses inactivation. The µ values obtained from both of models generally showed a similar trend for three individual EOs, but considering the growth of mold in the presence of combination of EOs, µ value obtained with modified Gompertz was found lower than that obtained with logistic model. When S. officinalis was used for inhibition of P. verrucosum, the lowest µ value obtained with both of models was found. For the performance comparison of applied models, Toğrul and Arslan [23] stated that the higher Ef and the lower RMSE values indicate the better goodness of an individual model. In this respect, the RMSE values (0.287-0.453) obtained with modified Gompertz model were lower than logistic model values (0.313-0.491) for all treatment. However, according to RMSE values, modified Gompertz and logistic models described the relationship with a good fit for O. onites and M. piperita EOs, respectively. Similar trend was shown for Ef values that were calculated with predictive values obtained by modified Gompertz model, which was found the highest for O. onites. The modified Gompertz model for the inhibition of P. verrucosum in the presence of EOs had higher Ef and lower RMSE indicating that the model provided reasonable good fits to the data. The accuracy factor (Af) and bias factor (Bf) values indicate the exact match between experimental data and model estimates, and a predictive model would ideally have Af = Bf = 1. [24] Modified Gompertz and Logistic models showed better accuracy for O. onites and S. officinalis treatment. The Af values of models for M. piperita and EOs mixture were just out of the acceptable upper limit as 1.6, considering Af typically increases by 0.1-0.15 for every variable in the model. [34] Bf values of the both models were found between 0.977 and 1.037, indicating that the models gave slightly 'fail-safe' predictions due to Bf value above the zero. [24] For all that, Bf values of models were found within the proposed acceptable limits, that is, 0.75-1.25. [35] Thus, applied models were ensured the best performance scores regarding Bf values.
Conclusion
The results of this work indicated that M. piperita, O. onites, and S. officinalis had antifungal properties. The mycelial growth of P. verrucosum could be controlled by O. onites, S. officinalis, and/or their mixture in the storage of foodstuffs, and nearly 84 h have been required for fungicidal activity of these plant oils. The application of S. officinalis and O. onites oils that possess antifungal activity on food can enhance their shelf life by controlling fungal growth. The need for protection of food and feedstuffs against Penicillium sp. should pay attention of food industries to conduct further experiments including minimal inhibitory and minimal fungicidal concentrations and safety data of EOs in food preservation. The modified Gompertz and logistic models had a good fit in order to describe the experimental data with relatively high R 2 values except the treatment with EO mixture. Statistical indices suggested that the modified Gompertz model allowed more accurate description of the inactivation kinetic of P. verrucosum with EOs.
